In the heart, synchronized contractile activity is facilitated by gap junctions, intercellular channels that underlie electrical and molecular communications between cardiac myocytes. In the ventricles of the mammalian heart, gap junctions are predominately constructed of connexin43 (Cx43) subunits. In heterozygous Cx43 knockout (Cx43/KO) mice, expression of Cx43 is roughly halved and electrical conduction in the ventricles is impaired.
1 Cx43/KO mice have increased susceptibility to arrhythmias after acute myocardial infarction (MI). 2 Although low-resistance communication is typically desirable, a reduction of intercellular conduction during ischaemia-reperfusion episodes can be beneficial by limiting the spread of toxic metabolites that promote tissue damage. 3 Decoupling the gap junctions during acute ischaemia has been shown to reduce infarct size, 4 and Cx43/KO mice are reported to have smaller infarcts than their wild-type counterparts. 5 Conduction via gap junctions can be posttranscriptionally regulated by the phosphorylation of various amino acids 6 and by pH, 7 both of which are dependent on the carboxyl terminal (CT) domain of Cx43.
Maass et al. demonstrate that loss of the CT domain of Cx43 results in gap junctions that are no longer chemically regulated during ischaemia-reperfusion episodes. They show that this leads to an increased infarct size and an increased susceptibility to arrhythmias. 8 To do this, they used a mouse model that expresses a Cx43 molecule that lacks the majority of the CT domain (K258stop/KO). 9, 10 These mice have previously been shown to have morphologically normal hearts with gap junctions that are larger in plaque area, fewer in number, and more peripherally located. These characteristics are consistent with studies in which zonula occludens-1 (ZO-1) was unable to interact with the Cx43CT domain.
11
To study the impact of the loss of the CT domain in whole hearts during acute MI, Maass et al. reversibly occluded a coronary artery for 1 h, followed by a 4 h reperfusion period. When similar areas of the heart were made ischaemic, the K258stop/KO mice developed larger infarcts than the Cx43/KO controls. The K258stop/KO mice exhibited longer QRS complexes and more premature ventricular beats. They also had an increased incidence and duration of spontaneous and burst pacing-induced ventricular tachyarrhythmia (VT) episodes.
Although this study lacks direct evidence that the difference between the K258stop/KO and control mice is caused by the gating of Cx43, it is strongly supported by indirect studies. The authors used dual-patch clamp experiments to demonstrate that at a physiological pH, K258stop/KO, and Cx43/KO myocytes have the same macroscopic conductance. However, when exposed to an acidic environment (such as is the case during ischaemia), control cells have a lower conductance that reflects chemical gating. In contrast, K258stop/KO cells maintained the same conductance during ischaemia, indicating that the channels remained fully open. Other studies have shown that pH-dependent gating involves block of the gap junction channel pore by the CT domain via a 'ball-and-chain' mechanism.
12 During ischaemia, gap junctions are also regulated by kinase activation, resulting in phosphorylation of amino acid sites on the CT domain. 6 The K258stop protein lacks nearly all of the known phosphorylation sites, including the ones that have been shown to affect channel open probability and unitary conduction. The lack of difference in macroscopic conductance between experimental groups at a physiological pH is an interesting result, given previous work showing that K258stop is expressed at roughly a fifth of the level of Cx43 in the heterozygote knockouts, but has a mean open time that is almost nine times longer. 10 Increased susceptibility to arrhythmias in infarcted hearts is generally attributed to areas of slow conduction that allow reentry to develop. Previous studies have shown that heterogeneous Cx43/KO mice have a higher incidence of ventricular arrhythmias due to a reduction in Cx43 expression relative to wild-type controls. 2 In the case of the K258stop/KO mice, the decrement in protein expression did not result in decreased conductance, suggesting that a mechanism other than decreased electrical coupling may be responsible for the observed increase in incidence of VT. Maass et al. suggest that well-coupled myocytes in the ischaemic region may account for the paradoxical increase in arrhythmogenesis. However, since larger infarct regions increase arrhythmogenic susceptibility, additional studies will have to be undertaken to determine how much of the observed increase in arrhythmias can actually be attributed to the removal of the CT domain. Cx43 is also found in mitochondria and has been shown to play a role in ischaemic preconditioning, 13 so loss of the CT domain may have effects beyond those on intercellular communications.
This study opens the door to whole-heart experiments that further explore the importance of the Cx43CT domain in the setting of MI. In addition to experiments where infarct size is controlled, the long-term effects of the loss of the CT domain should be examined. Cx43 and its CT domain, in particular, have been shown to be important in wound healing, playing a role in the inflammatory response and the formation of fibrotic tissue. 11, 14 Loss of the CT domain is likely to result in a difference in the size and composition of the late-stage infarct. It will also be important to determine if the observed increase in arrhythmogenesis persists during and after the infarct healing process. Additionally, mapping of cardiac conduction patterns and velocity would help to evaluate the hypothesis that the arrhythmias in the K258stop/KO mice are caused by a failure to limit conduction during ischaemia-reperfusion. Finally, characterization of the K258stop gap junction is incomplete. Open probability should be measured, and the structure should be studied to evaluate if the loss of the CT domain alters the shape and specificity of the gap junction channel.
In conclusion, although many questions remain to be addressed, Maass et al. have very clearly shown that the Cx43CT domain is a crucial regulator of gap junction connectivity that can limit the damage from acute MI and reduce arrhythmogenesis during both ischaemia and reperfusion. As noted by the authors, the implications for pharmacological modulation of gap junction conduction during ischaemia are unclear. However, the stakes are high, and efforts to better understand this pathophysiology are likely to enhance both survival and cardiac function following MI.
